Face-centered composite design (FCC) was used to study the effect of pulping variables: soda concentration (4-5 wt%), temperature (90-130 ∘ C), and pulping time (20-60 min) on the properties of pineapple leaf pulp and paper employing soda pulping. Studied pulp responses were screened yield and lignin content (kappa number). Paper properties, which include tensile index, burst index, and tear index, were also investigated. Effects of the pulping variables on the properties were statistically analyzed using Minitab 16. The optimum conditions to obtain the maximum tensile index were soda concentration of 4 wt%, pulping temperature of 105 ∘ C, and pulping time of 20 min. The predicted optimum conditions provided tensile index, burst index, tear index, screened yield, and kappa number of 44.13 kN⋅m/kg, 1.76 kPa⋅m 2 , 1.68 N⋅m 2 /kg, 21.29 wt%, and 28.12, respectively, and were experimentally confirmed.
Introduction
Nowadays, awareness of environmental issues has increased. One of the concerned issues in Thailand is deforestation for pulp and paper production. New materials have been investigated and applied to replace pulp and paper from wood. Interesting choices are nonwood plants. Nonwood plants residues, which include rice straw [1] , bagasse [2] , oil palm frond [3] , banana stem [4] , pineapple crown leaves [5] , and sunflower stalks [6] , were studied by many researchers.
According to the Food Agriculture Organization (FAO) online databases [7] , Thailand was the world leading pineapple producer in 1993-2013. Usually, only pineapple fruit is consumed and the rest are used as household animal feed or left as pineapple plantation compost. The research by Daud et al. [8] indicated that pineapple leaves have chemical composition suitable for paper production. Large amount of pineapple leaves left from harvesting times throughout the year are then a promising alternative source for paper production. The benefits from using pineapple leaf are not only waste reduction and forest conservation but also value added measures for pineapple leaf itself.
Presently, there are many pulping methods, that is, sulfate (kraft), sulfite, soda, and organosolv processes. Sulfate and sulfite are the most popular methods producing up to twothirds of the world production of pulp [9] . However, the use of sulfated chemical agent causes serious environment impact, which is due to the release of sulfur compounds. Organosolv processes use organic solvents as delignifying agents. The processes do not deliver sulfur compounds. Unfortunately, the processes were effective only in pilot plant scale [10] . For this reason, soda pulping process, a traditional pulping method and free of sulfur compounds, was chosen in this research. Soda concentration, liquor to material ratio, temperature, and pulping time are factors in pulping process that affect pulp and paper properties. The liquor to material ratio of 10 : 1 was found to be suitable for pulping of pineapple leave according to previous research [11] . The ratio was used in this work and effects of soda concentration, pulping temperature, and pulping time on pulp and paper properties were investigated. Experimental design for three factors can be conducted by different methods such as one factor at a time (OFAT), full factorial design, and central composite design (CCD). OFAT cannot be used to estimate interaction effects whereas full factorial design requires a lot of experiment runs. In addition, both OFAT and full factorial design cannot be used to obtain the optimal conditions. On the other hand, CCD, one of response surface methods, can be used not only to estimate interaction effect but also to determine the optimal conditions. The specific CCD type, face-centered composite design (FCC) in which alpha ( ) is equal to unity, was used in this study to avoid extreme conditions which cannot be applied for pulping [12] [13] [14] . Effects of process variables (soda concentration, temperature, and pulping time) on pulp properties (screened yield and lignin content (kappa number)) and paper properties (tensile index, burst index, and tear index) were thus studied employing FCC experimental design.
Materials and Methods

Raw Material.
Pineapple leaves (Ananas comosus Merr.) were obtained from 1.5-2-year-old pineapple crops in Prachuap Khiri Khan Province, Thailand. Prior to pulping, the leaves were cleaned, cut to approximately 3-4 cm in length, and sun-dried ( Figure 1 ).
Chemical composition of pineapple leaves was determined in accordance with TAPPI standard methods: T204 om-88 (alcohol-benzene solubility), T207 om-93 (hot water solubility), T212 om-93 (1% NaOH solubility), T211 om-93 (Ash), T222 om-88 (Lignin), and T223 ts-63 (Pentosan). Holocellulose was quantified using the acid chlorite method of Browning.
Experimental Design.
A specific type of response surface method [13] , FCC, was used to investigate effects of soda pulping variables on properties of pineapple leaf pulp and paper. Three pulping variables investigated were soda concentration ( ), temperature ( ), and pulping time ( ). The experimental design matrix is shown in Table 1 . Soda concentration of 2 wt% was reported to give low tensile index, burst index, and tear index [15] , while soda concentration of 6 wt% provided much lower screened yield than that of 4 wt%. Therefore, selected level of soda concentration in the range of 4-5 wt% was used in this work. Levels of temperature and pulping time were also selected based on the conditions that entailed satisfying values of tensile index, tear index, and burst index, reported by Khampan et al. [15] . The tested model, shown in Figure 2 , shows a series of experiments around a central point (central experiment) to estimate the first-and second-order interaction terms. In this study, fifteen experimental points with two replicates each were selected.
Experimental data were fitted to the second-order polynomial equation (1), where represents the response or dependent variables: screened yield, kappa number, tensile index, burst index, and tear index. The letter " " is a constant and the letters to are coefficients of each term:
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2.3.
Pulping. Soda pulping was conducted in a 5-litre rotary digester. The pulping was carried out with liquor to leaf ratio (mL : g) of 10 : 1. Levels of soda concentration, temperature, and pulping time are shown in Table 1 . Preheating time of 10-20 min was not included in the pulping time.
After pulping, pulp was rinsed with water to remove all chemicals. Then it was mechanically disintegrated by a threeblade mixer and was screened via the flat-plate screen with 0.15 mm slits. The screened yield was determined after being oven-dried.
Characterization of Pulp and Paper Sheets.
The pulp was analyzed for lignin content (kappa number), in accordance with TAPPI T236 om-99. Screened yield was determined based on weight after drying at 105 ± 2 ∘ C for 24 h.
Hand sheets (papers) of 60 g/m 2 were formed. Tensile strength, burst strength, and tear strength of the sheets were obtained according to TAPPI standard test methods (T494 om-96, T403 om-97, and T414 om-98, resp.). The sheets were kept at 23 ∘ C and 50% RH for at least 24 h before testing. Fibers and their arrangements were studied using the scanning electron microscope (SEM), NOVA NanoSEM 450, at 10 kV. Samples were gold coated prior to entering the vacuum chamber. Table 2 shows that pineapple leaves were soluble in the used solvents in the following decreasing order: 1% sodium hydroxide > hot water > alcohol-benzene. The result indicated that solubility of pineapple leaves was better in alkali. Therefore, the soda process was chosen for pulping method in this study. The table also shows that the main components of pineapple leaves were holocellulose (46.5 wt%), pentosan (26.4 wt%), lignin (15.0 wt%), and ash (7.1 wt%). The chemical composition of pineapple leaves was close to that found by Treesuwan [11] : holocellulose (46.9 wt%), pentosan (22.3 wt%), lignin (12.9 wt%), and ash (8.6 wt%). However, the chemical composition of pineapple leaves in this study was different from that indicated by Daud et al. [8] : holocellulose (85.7 wt%), lignin (4.2 wt%), and ash (4.5 wt%). It should be noted that pineapple leaves used in this study and those of Treesuwan [11] came from the same location, Prachuap Khiri Khan Province, Thailand, whereas those of Daud et al. [8] were grown in Malaysia. Pineapple plants in this study and Treesuwan work experienced similar environment, planting method, and cultivation. The similarity of these parameters may result in similar composition. As shown above holocellulose content of pineapple leaf in this study was only 46.9 wt%; thus, the screened yield obtained from this study was expected to be low. Table 3 showed the screened yield, kappa number, and paper properties, tensile index, burst index, and tear index, for various pulping conditions.
Results and Discussion
Chemical Composition of Pineapple Leaves.
Response Surface Analysis of Soda Pulping.
The model to predict each response variable of the sample produced by soda pulping process was obtained using Minitab 16. Final models for all variables were shown below as (2)-(6). The equations are reduced models, which showed only significant terms and with significant level or value of less than 0.05: another predictor is added in the model. The higher the adjusted 2 , the better the goodness of fit. From Table 4 , most models showed excellent goodness of fit except the screened yield prediction model. However, considering lack-of-fit, only the yield model showed insignificant lack-of-fit with significant level of less than 0.05. The insignificant lack-of-fit indicates that the model is adequate to be used. For the other models, the error analysis was conducted. It indicated that these models were precise as shown in Table 5 . Therefore, the other models were well fitted and were suitable to be used to predict the individual responses based on the working conditions.
Pulp Properties (Screened Yield and Kappa Number).
From (2) and (3) and the corresponding data in Table 4 , soda concentration and pulping temperature possessed significant effects on both screened yield and kappa number. The effects of soda concentration and temperature on screened yield were shown in Figure 3(a) . At temperature of 90 ∘ C, an increase of soda concentration slightly increased the screened yield. However, at 130 ∘ C, an opposite effect was found. An increase of soda concentration decreased screened yield. The reasons for these were that soda in pulping was used to remove lignin via hydrolysis reaction, which shortens the polymer chains. Moreover Wanrosli et al. [16] described that lignin chain is destroyed before cellulose chain is destructed. Therefore, it can be deduced that, at 90 ∘ C, lignin chain was broken and dissolved in cooking liquor and cellulose was left behind. As a result, screened yield was high because an increase of soda concentration increased the rate of lignin chain disintegration, while, at 130 ∘ C, hydrolysis was accelerated by an increase of temperature and caused rapid destruction on lignin and further destruction on cellulose chains as well. From Figure 3 (a), at any particular soda concentration, screened yield was increased as temperature increased until reaching the peak in the temperature range of 105-115 ∘ C and then it was decreased at higher temperature. Acceleration of hydrolysis rate with an increase of temperature was responsible for the destruction of both lignin and cellulose.
For kappa number, with significant level or value of less than 0.05, all factors had significant effects on kappa number as shown in Table 4 and Figure 3(b) . From the response surface depicted in Figure 3(b) , the increases of both soda concentration and temperature decreased kappa number. As discussed previously, both soda concentration and temperature increased hydrolysis rate and thus destroyed lignin chains in the pulp [16, 17] .
In the soda pulping process, the optimal conditions predicted by Minitab 16 to obtain the highest screened yield of 22.07% were 4 wt% soda concentration, 110 ∘ C, and 20 min pulping time. However, paper produced by the pulping process obtained from the conditions might not possess the highest tensile strength.
Paper Properties (Tensile Index, Burst Index, and Tear Index).
The effects of soda concentration, temperature, and pulping time on paper properties that are tensile index, burst index, and tear index were shown in (4), (5) , and (6) and in Table 4 . Table 4 showed that only soda concentration and temperature had significant effects on these properties. Figures 4(a), 4(b) , and 4(c) demonstrated that high tensile, Obs.
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Obs. burst, and tear indices were obtained at the conditions of low soda concentration and low temperature. Hydrolysis rate decreased as soda concentration and temperature decreased, as mentioned before, resulting in less lignin destroyed which in turn imparted paper with high mechanical properties.
The lignin chain destruction was confirmed by SEM images of pineapple leaf paper as shown in Figure 5 . The Tensile strength was selected as a criterion to determine the optimal conditions because it is affected significantly by the pulping variables as shown in Table 3 . The data analysis using Minitab 16 suggested that the conditions, soda concentration of 4 wt%, temperature of 105 ∘ C, and pulping time of 20 min, were the optimal conditions. The conditions gave screened yield of 21.29 wt%, tensile index 44.13 kN⋅m/kg, burst index 1.76 kPa⋅m 2 , and tear index 1.68 N⋅m 2 /kg. Two pulping experiments (numbers 1 and 2 in Table 6 ) using the optimum conditions demonstrated that the results agreed with those from the prediction models.
Since the optimal conditions were indicated at the lowest levels of each factor, it was suspicious that the higher screened yield and tensile index might be obtained for soda concentration of lower than 4 wt%. Therefore, two more experiments (numbers 3 and 4 in Table 6 ) were conducted at soda concentration, pulping temperature, and time of 3 wt%, 110 ∘ C, and 40 min, respectively (the conditions of number 3 in Table 3 ). Comparison of the results from the experiments at the optimal conditions (numbers 1 and 2 in Table 6 ) and at the conditions numbers 3 and 4 in Table 6 indicated that screened yield was higher than those of the conditions using soda concentration 4 wt%. However, tensile, burst, and tear indices were lower. Since the desired tensile strength in this research must be at least 40 kN⋅m/kg, the conditions using soda concentration of 3 wt% were, thus, not selected.
Conclusions
This research studied the effects of independent variables on pulp and paper properties by face-centered composite experimental design. The study aimed to obtain fundamental equations to predict screened yield, kappa number, tensile index, burst index, and tear index. The obtained equations could predict the pulp and paper properties that were close to experimental data. The effects of soda concentration on screened yield and kappa number depended on temperature. At low temperature, an increase of soda concentration increased screened yield but decreased kappa number. However, the opposite effects were found at high temperature. For mechanical properties, the increases of both soda concentration and pulping temperature decreased all the interested mechanical properties. The optimal pulping conditions, to obtain paper with highest tensile index of 44.13 kN⋅m/kg, burst index of 1.76 kPa⋅m 2 , and tear index of 1.68 N⋅m 2 /kg, were 4 wt% soda concentration, 105 ∘ C pulping temperature, and 20 min pulping time. The conditions allowed screened yield and kappa number of 21.29 wt% and 28.12, respectively. Obs. = observed data. Pre. Opt. = predicted value from the model at optimum condition.
